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A B S T R A C T
Phosphorus (P) application in olive orchards is very common in the Mediterranean basin although experimental
evidence of crop response to applied P is practically non-existent. In this work soil P and tree P nutritional status
of the olive groves of NE Portugal were assessed from a population of 1808 soil and 2252 leaf samples. Plant
response to applied P was evaluated from two field and two pot experiments carried out with the cultivar
‘Cobrançosa’. The analyses of soil and leaf samples of the olive orchards of the region indicate that P fertilizer
recommendations should be based on leaf rather than on soil analyzes, since the latter seems to overestimate the
need for P. The field and pot experiments hardly showed any positive response to P applications, which is a sign
that the use of P fertilizer in olive can be substantially reduced. Nonetheless, in one pot experiment, P application
significantly increased total dry matter yield during three consecutive years, in a strict association with higher
tissue P concentrations and enhanced photosynthetic activity, as revealed by gas exchange and chlorophyll
fluorescence traits. The experimental results also showed that the roots can uptake and store P when available in
the soil, which may buffer the levels of P in the shoots. The acid phosphate activity can provide useful in-
formation but deserves caution in the interpretation of results since it depends not only on the availability of
inorganic P in the soil, but also on the available organic substrate and pH.
1. Introduction
Phosphorus has prominent roles in plants as a constituent of nucleic
acids and phospholipids of biomembranes and in the energy transfer
reactions involving adenosine triphosphate (ATP) (Hawkesford et al.,
2012; Havlin et al., 2014). P is the second most limiting element to crop
growth and yield on a global scale (Li et al., 2016). The availability of P
to plant roots is estimated to be limited to approximately 2/3 of the
world's soils, causing a major constraint on agricultural productivity
(Batjes, 1997; Sepehr et al., 2012). A number of studies have shown the
effect of the application of P on the productivity increase of several
crops, such as wheat (Brennan and Bolland 2001, Wang et al. 2010),
soybean (Watt and Evans, 2003), canola (Brennan and Bolland, 2001)
and lupine (Brennan and Bolland, 2001; Watt and Evans, 2003; Wang
et al., 2010).
The use of P in agriculture has become of increasing concern due to
the fact that it is a finite resource. It is estimated that the phosphate
rocks from which P fertilizers are manufactured will be depleted within
the next 50 to 100 years if consumed at the current rates (Gilbert, 2009;
Hawkesford et al., 2012). On the other hand, the excessive use of P in
agriculture can lead to the eutrophication of groundwater (Bai et al.,
2016; Dodd and Sharpley, 2016). Thus, for several good reasons, it is
necessary to moderate the use of P in agriculture. Different species may
need different P fertilization programs since they differ greatly in the
ability to use sparingly soluble P. Some species exudate organic acids to
the rhizosphere which reduce pH and solubilize P (Wang et al.,
2007;Veneklaas et al., 2003) and/or develops cluster roots or proteoid
roots which provide enhanced zones for P uptake (Uhde-Stone et al.,
2003; Schulze et al., 2006). In trees, for instance, symbiotic relation-
ships between plant roots and arbuscular mycorrhizal fungi can be es-
tablished, enhancing P uptake in ways that are not readily available to
most plants (Smith and Read, 2008; Pereira et al. 2012; Havlin et al.,
2014).
In olive, studies showing a positive response of the tree to P ferti-
lizers are practically non-existent (Freeman and Carlson, 2005;
Gregoriou and El-Kholy, 2010; Fernández-Escobar et al., 2017). The
absence of response may be due to the very low amount of P removed in
harvest, with values below 1 kg P per ton of fresh fruit (Rodrigues et al.,
https://doi.org/10.1016/j.scienta.2018.02.050
Received 23 December 2017; Received in revised form 17 February 2018; Accepted 19 February 2018
⁎ Corresponding author.
E-mail addresses: isabelaqferreira@gmail.com (I.Q. Ferreira), angelor@ipb.pt (M.Â. Rodrigues), moutinho@utad.pt (J.M. Moutinho-Pereira), ccorreia@utad.pt (C.M. Correia),
marrobas@ipb.pt (M. Arrobas).
Scientia Horticulturae 234 (2018) 236–244
Available online 28 February 2018
0304-4238/ © 2018 Elsevier B.V. All rights reserved.
T
2012; Fernández-Escobar et al., 2017). Despite the recognized lack of
response by the olive tree to applied P, national P fertilizer programs
are usually generous in the rates of P fertilizer they recommend.
Gregoriou and El-Kholy (2010) reported a summary of the national
olive fertilization programs for several countries of Western Asia and
North Africa showing annual recommendations frequently exceeding
100 kg P2O5 hm−2. In Portugal, an official publication of the Ministry of
Agriculture (LQARS, 2006) recommends P rates at an olive orchard
installation of 200, 150 and 100 kg P2O5 hm−2 to soils respectively
classified as very low, low and medium in P. For mature trees, LQARS
(2006) recommends 40–60 kg P2O5 hm−2 yr−1 when leaf P concentra-
tions are found to be at adequate levels. Notwithstanding, there are no
studies in the country showing olive tree response to the application of
P.
This work was motivated by the lack of data on olive tree response
to P fertilization. Taking into account the large area that olive occupies
in the Mediterranean basin, and with phosphate rock being a finite
resource, it seems of great importance to use this nutrient more re-
sponsibly. The work comprises two parts: i) evaluation of soil P and tree
P nutritional status of the olive groves of NE Portugal from high number
of soil (1808) and leaf (2,522) samples; and ii) experimental work,
consisting of the evaluation of olive tree response to applied P in two
field trials and two pot experiments. The hypothesis tested is that P
being a primary macronutrient it should be expected that a positive
response in tree crop growth and yield to the applied P will be found.
2. Material and methods
2.1. Evaluation of soil and plant P status of olive orchards of NE Portugal
Soil P status of the olive groves was obtained from a population of
1808 soil samples voluntarily delivered by farmers to the soil testing
and plant analysis laboratory of the Polytechnic Institute of Bragança in
the last 4 years. The P nutritional status of the olive trees was also
obtained from 2252 leaf samples sent to the lab by the olive growers in
the same period.
2.2. Field and pot experiments
The study included two field trials and two pot experiments. Field
trial 1 (Ftrial1) was installed in March 2013 in a three-year-old
‘Cobrançosa’ olive grove, with the trees spaced 7× 6m, and rainfed
managed (41.807665, -6.733173). The second field trial (Ftrial2) began
with the plantation of 'Cobrançosa' young trees spaced 6m between
lines and 1m within the line (41.808259, -6.733402). Planting took
place in May 2014. The experimental designs of both Ftrial1 and Ftrial2
included two treatments, P fertilization (+P) and control, without P
application (−P), and three replicates. In Ftrial1 the experimental unit
consisted of four homogeneous trees, which total 12 trees per treatment
and 24 marked trees in the total experiment. In Ftrial2, the experi-
mental unit was composed of 10 trees totaling 60 trees in the experi-
ment. P fertilizer in the+P treatment of Ftrial1 was broadcast in
squares of 4× 4 m around the tree. P was applied at a rate of
70 g P tree−1, as superphosphate (18% P2O5), which represents 38 kg
P2O5 hm−2, a value within the usual recommendations to young
orchards in the region when soils present medium P levels. In Ftrial2, P
in the fertilized treatment was broadcast in rectangles of 10× 4m (2m
both sides of the row), at a similar rate of Ftrial1, which means 175 g P
per experimental unit (40m2). In both M +P and –P treatments, ni-
trogen (N), potassium (K), and boron (B) were applied as a basal fer-
tilization plan. K was applied at similar rates of P when expressed as
K2O and P2O5, which means 133 and 332 g K, respectively per tree in
Ftrial1 and experimental unit in Ftrial2. The fertilizer used was po-
tassium chloride (KCl, 60% K2O). Due to their higher mobility in the
soil, N and B were applied in smaller areas, respectively in 4m2
(2× 2m, with the tree in the center of the square) and in rectangles of
20m2 (1m for each side of the line) in Ftrial 1 and Ftrial2. N rates were
48 and 200 g applied as ammonium nitrate (34.5% N) in the above
mentioned areas in Ftrial1 and Ftrial2. B was applied at the rates of 1.2
and 6.0 g as borax (11% B), respectively per tree and experimental unit
in Ftrial1 and Ftrial2. In the year of the installation of the field trials the
fertilizers were incorporated in the soil. Thereafter, the soil was no
longer tilled and weeds were managed by a non-selective glyphosate-
based herbicide (360 g L–1 of active ingredient; 4 L of herbicide hm–2)
applied once a year in April between rows and complemented by
manual weeding close to the trees.
The pot experiment 1 (Pexp1) consisted of a completely randomized
experimental design with four fertilizer treatments (P0, P1, P2 and P3)
and 10 replicates (10 pots) per treatment. The pots were filled with 3 kg
of dry and sieved (2mm mesh) soil mixed with the fertilizer of the
experimental design and those of a basal fertilization plan. The rates of
nutrients as well as the fertilizers used are presented in Table 1. Semi-
hardwood rooted ‘Cobrançosa’ cuttings, ∼20 cm high, were planted in
June 2013. In April 2014 a new pot experiment (Pexp2) was installed
where the nutrients were applied from liquid fertilizers during the
growing season. In that time, it was decided to manage the Pexp1 in a
similar way by using the same liquid fertilizers (Table 1). From 2014
the fertilizers were split into five annual applications to reduce salt
effect. There was also used a fertilizer consisting of a mixture of macro
and micronutrients whose rates were also split into 5 annual applica-
tions during the summer growing season. Pexp2 was installed as a
randomized complete block design with two fertilizer treatments, with
(P1) and without (P0) P application, four different soils (the same as
Pexp1 and three new soils) as blocks and six replicates (6 pots) per
treatment. Each pot also received 3 kg of dry soil sieved in 2mm mesh.
Previously rooted ‘Cobrançosa’ cuttings of ∼20 cm high were used. The
pots of both the experiments were kept in a greenhouse and the ferti-
lizers applied simultaneously with watering. The cover of the green-
house consists of a double-wall polycarbonate panel. Aeration and heat
dissipation in summer relies on lateral and zenithal openings and re-
flective screen.
Selected properties of the soils of the field trials and those used in
pot experiments are presented in Table 2. The climate of the region is of
Mediterranean type, with some influence of the Atlantic regime. The
average air temperature and the precipitation of the region are re-
spectively 12.7 °C and 772.8mm.
Table 1
Fertilizer treatments of pot experiments 1 (Pexp1) and 2 (Pexp2), rates of nutrients of the
fertilizer treatments and basal fertilization plans and fertilizers used.
Pexp1 Pexp2
aYear Nutrient P0 P1 P2 P3 P0 P1 Fertilizer
g pot−1 g pot−1
2013 P 0.00 0.35 0.70 1.05 Super (18%
P2O5)
K 0.66 0.66 0.66 0.66 KCl (60% K2O)
N 0.80 0.80 0.80 0.80 bAN (34.5% N)
Lime 5.0 5.0 5.0 5.0 cLime
2014–2016 P 0.00 0.35 0.70 1.05 0.00 1.05 NP (2:8:0)
N 0.00 0.20 0.40 0.60 0.00 0.60 NP (2:8:0)
N 0.80 0.60 0.40 0.20 0.80 0.20 AN (34.5% N)
K 0.66 0.66 0.66 0.66 0.66 0.66 KCl (60% K2O)
Micro 0.08 0.08 0.08 0.08 0.08 0.08 dMixture
a Data of 2016 refers only to Pexp2; the rates of 2014–2016 were split into five ap-
plications.
b Ammonium nitrate.
c (88% CaCO3 and 5% MgCO3).
d (10% MgO, 0.3% B, 18.5% SO3, 0.3% Cu, 2% Fe, 1% Mn, 0.02% Mo, 1.6% Zn).
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2.3. Field determinations
In Ftrial1 the trunk diameter was measured periodically at 40 cm
height and the canopy volume estimated by measuring the height of the
canopy and the maximum width (NS and EW), assuming that the ca-
nopy at this stage has an ovoid shape. The canopy volume (CV) was
estimated using the equation CV=2/3 π R2 (L+ S), where R is the
median radius of the canopy at its widest point, L is the distance be-
tween the widest point and the top of the canopy (2/3 of the canopy
height), and S is the distance between the widest point of the canopy
and the base of the canopy (1/3 of the total height of the canopy). The
trees were pruned annually in the winter resting period, and pruning
wood used as an index of the growth of the trees. After fresh weighing, a
subsample was taken to the laboratory, separated into leaves and stems,
and weighed fresh and after drying in an oven at 70 °C. In early winter
the olives were hand-picked and weighed separately per tree. Samples
of 100 olives were weighed fresh to obtain the unit weight of the fruits.
Random subsamples of 20 fruits were separated into pulp and pit and
weighed fresh for estimating the pulp/pit ratio. In the winter resting
period, and in July at the endocarp sclerification, leaf samples were
taken following the standard procedure for this species (Bryson et al.,
2014). All tissue samples were dried at 70 °C, ground and analyzed for
elemental composition. On May 23, 2016, soil samples were collected
at three depths, 0–5 cm, 5–10 cm and 10–20 cm. The samples were
sieved in 2mm mesh, dried at 40 °C and used in the determination of
several soil fertility parameters.
In Ftrial2, young fully matured leaves were sampled twice a year. At
the end of the study, on 26 October 2016, four random plants per
treatment were cut at ground level and weighed fresh. Subsamples were
separated into leaves and stems, weighed fresh, oven dried and weighed
dry. All tissue samples from this experiment were also ground and
analyzed for the elemental composition.
In Pexp2, leaf gas exchange was measured at midday of summer
cloudless days of 2015 and 2016 with an infrared gas analyzer (LCpro
+, ADC, Hoddesdon, UK), under greenhouse conditions. Net CO2 as-
similation rate (A), stomatal conductance (gs), transpiration rate (E)
and the ratio of intercellular to atmospheric CO2 concentration (Ci/Ca)
were estimated according to von Caemmerer and Farquhar (1981).
Intrinsic water use efficiency was calculated as the ratio of A/gs.
Chlorophyll a fluorescence was measured on the same leaves and en-
vironmental conditions, as gas exchange, with a pulse amplitude
modulated FMS 2 fluorimeter (Hansatech Instruments, Norfolk, Eng-
land). Minimum fluorescence (F0) was measured in dark adapted leaves
by applying a low intensity light pulse and maximum fluorescence (Fm)
was measured after a saturating light pulse (15000 μmol pho-
tons m−h s−s) for 0.7 s. Maximum quantum efficiency of photosystem II
(PSII) was calculated as Fv/Fm= (Fm-F0)/Fm. After exposure for 20 s to
actinic light, light-adapted steady-state fluorescence yield (Fs) was
averaged over 2.5 s, followed by exposure to saturating light (as above)
to establish Fm‘. The sample was then shaded for 5 s with a far-red light
source to determine the minimal fluorescence in a light-adapted state
(F’0). From these measurements, the following variables were calcu-
lated (Schreiber et al. 1994): effective efficiency of PSII
(ΦPSII= (Fm‘− − s) /Fm‘), photochemical quenching (qP= (F’m-Fs)/
(F’m-F’0)), and non-photochemical energy dissipation (ΦNP=Fs/F’m).
The apparent electron transport rate (ETR) was estimated as
ETR=ΦPSII× PPFD×0.5× 0.84, where PPFD is the photosynthetic
photon flux density incident on the leaf, 0.5 is the factor that assumes
equal distribution of energy between the two photosystems, and the leaf
absorbance used was 0.84, a common value for C3 plants (Björkman
and Demmig, 1987). The fraction of PPFD absorbed in PSII neither
utilized in photochemistry nor dissipated thermally (PE), characterizing
an excess energy, was calculated as PE=F´v/F´m × (1- qP), ac-
cording to Demmig-Adams et al. (1996).
In the pot experiments, the aboveground biomass was annually cut,
leaving only a small number of basal leaves and buds to allow the re-
growth of plants the next growing season. This plant material was oven
dried, separated into stems and leaves, weighed, ground and analyzed
for elemental composition. After the third and last cut, a soil sample
was taken per pot and the root system exposed using water at low
pressure. The soil samples were taken to the laboratory for determi-
nation of relevant soil fertility properties. The roots were subjected to
the same procedures of stems and leaves.
2.4. Laboratorial procedures
After drying and sieving, soil samples from field and pot experi-
ments, including the original samples whose results were presented in
Table 1, were submitted to analytical determinations: 1) pH (H2O, KCl
and CaCl2); 2) easily oxidizable carbon (C) determined by the Walkley-
Black method and total organic C by incineration; 3) cation exchange
capacity (ammonium acetate, pH 7.0). Soil P bioavailability was per-
formed by five methods: 4) Egnér-Riehm or ammonium lactate (PAL); 5)
Olsen (POls); 6) Mehlich 3 (PMeh); 7) anion-exchange resins (PRes); and
8) acid phosphatase activity (AFA). The Egnér-Rhiem method consists
of extracting P with an ammonium lactate solution at pH 3.7. The Olsen
method consists of extracting P with a solution of 0.5 M NaHCO3, pH
8.5. The extracting solution of Mehlich 3 consists of a mixture of N ions
(nitrate and ammonium) in different combinations with pH 2.5. The
resin method consists of extraction of the phosphate ion by exchange
with the HCO3 ion present in an anion exchange resin and then eluted
with a dilute acid. The acid phosphatase activity is determined from the
conversion of nitrophenylphosphate to nitrophenolphosphate. K was
extracted by the Egnér-Riehm solution and by ammonium acetate as a
base of the exchange complex. In the initial samples there were also
determined 9) clay, silt and sand fractions by the Robinson pipette
method. Methods 1–5, 7 and 9 are fully described by Houba et al.
(1997); method 6 by Jones (2001) and method 8 by Alef et al. (1995).
Elemental analyses of all the tissues (leaves, stems and roots) were
performed by Kjeldahl (N), colorimetry (B and P), and atomic absorp-
tion spectrophotometry (K, Ca, Mg, Fe, Mn, Cu, Zn) methods (Walinga
et al., 1989), after tissue samples were digested with nitric acid in a
Table 2
Selected physical and chemical properties of soil samples (0–20 cm) of the field trials
(Ftrial1 and Ftrial2), Pexp1 (S1) and Pexp2 (S1, S2, S3, and S4) at the beginning of the
experiments.
Soil properties Ftrial1 Ftrial2 S1 S2 S3 S4
Clay (%) 14.5 14.6 14.9 7.8 9.1 17.1
Silt (%) 27.7 29.2 26.7 9.4 10.2 18.6
Sand (%) 57.8 56.2 58.4 82.8 80.7 64.4
Texture hS-loam S-loam S-loam iL-sand L-sand S-loam
pH (H2O) 5.8 5.5 5.8 4.9 5.1 6.9
aOrganic carbon (g kg−1) 8.7 8.7 7.4 4.4 15.1 14.6
bPAL (mg P2O5kg−1) 87.9 93.4 41.2 14.5 56.3 353.6
cPOls (mg P kg−1) 4.8 4.8 9.9 0.0 35.5 57.8
dPMeh (mg P kg−1) 40.6 45.2 28.7 14.4 173.4 103.8
ePres (mg P kg−1) 12.7 11.9 12.4 3.4 12.7 55.2
fAPA (ug L−1) 206.4 63.5 162.3 128.1 88.5 450.4
bKAL 102.0 114.0 118.0 59.0 53.0 234.0
gExch. K (Cmol+ kg−1) 0.2 0.3 0.3 0.1 0.2 0.7
gExch. Na (Cmol+ kg−1) 0.4 0.4 0.7 0.3 0.3 0.6
gExch. Ca (Cmol+ kg−1) 7.2 8.5 5.5 2.8 0.9 7.4
gExch. Mg (Cmol+ kg−1) 2.2 2.6 3.3 1.0 0.4 4.2
gExch. acidity
(Cmol+ kg−1)














Data was submitted to analysis of variance. When significant dif-
ferences occurred between treatments the means were separated using
the Tukey HSD test (α=0.05). In some situations to improve the un-
derstanding of the results and for graphical plotting the means were
associated to their confidence intervals (α=0.05).
3. Results
3.1. Soil and plant P status of olive orchards of NE Portugal
The soil P status of olive orchards of NE Portugal appeared very
poor as determined by the ammonium lactate method. Very low, low
and medium levels of extractable P were found respectively in 40, 25
and 22% of soil samples (Fig. 1a), which means 87% of situations that
would lead to a P fertilizer recommendation. From leaf analysis, P
nutritional status of the orchards seems much better. Only 16% of the
samples showed leaf P concentration falling in the deficiency range
(Fig. 1b), which means that soils classified as low or very low in P are
supporting trees adequately nourished as determined by leaf analysis.
3.2. Field experiments
In Ftrial1, the young trees did not significantly respond with in-
creased olive yield to applied P in any of the years of the experiment
(Table 3). The accumulated olive yields of the three years were also not
significantly different between P fertilizer treatments. The average va-
lues were 2.19 and 2.47 kg tree−1, respectively to –P and +P plots.
Other yield components such as dry weight of fruits and pulp/pit ratio
and also pulp and pit P concentrations did not significantly vary with P
fertilizer treatments.
The performance of the young trees assessed by periodically
measuring the increase in trunk diameter, the volume of the crown on
two dates and the yearly prunings are shown in Fig. 2. The results
showed no significant differences for any of the parameters evaluated.
Leaf P concentrations did not significantly vary between –P and +P
treatments. All average values were found within the lower and upper
limits of the sufficiency range (Fig. 3). In this experiment, leaf P con-
centration showed little sensitivity to the application of P to the soil.
Tissue analysis for other macro and micronutrients revealed also no
significant differences among P fertilizer treatments (data not shown).
Surface soil layer (0–5 cm) appeared slightly acid in comparison to
the lower layers (Table 4). The easily oxidizable organic C significantly
decreased along the soil profile, from an average value of 11.7 to
6.1 g kg−1, respectively in the 0–5 cm and 10–20 cm soil layers. All the
four methods of P extraction displayed levels of extractable P sig-
nificantly higher in the P fertilized plot in comparison to the control.
Extractable soil P significantly decreased from the upper to the deeper
soil layers for all the extraction methods. APA significantly decreased
along the soil profile as occurred with extractable P and organic C.
In Ftrial 2, leaf P concentrations were significantly higher in the P
fertilized plots in comparison to the control in two of the four sampling
dates (Fig. 4). However, dry matter yield after three years of growth
were not significantly different between the two fertilizer treatments. P
recovery in the aboveground biomass, which is a function of dry matter
yield and tissue P concentration, did also not significantly vary with P
fertilized treatments.
3.3. Pot experiments
In Pexp1 dry matter yield did not significantly differ among the four
P fertilizer treatments for any of the years and plant parts (stems, leaves
and roots) or total biomass (Fig. 5). Average values have even showed a
slight but not significantly decrease for the higher P fertilizer rates.
In Pexp1, tissue P concentration significantly increased in all plant
parts (leaves, stems and roots) with fertilizer P rate (Fig. 6). The control
treatment showed significantly lower tissue P concentrations than the
fertilized treatments. Leaves and stems displayed a saturation curve to
high P rates, while root P concentrations continued to increase to the
higher rates of applied P. Leaf P concentrations were higher than stem P
concentration for all P fertilizer rates. No significant differences were
found for the other macro and micronutrients analyzed in these plant
tissues as a function of P fertilizer treatments (data not shown).
In Pexp1, the lower values of pH (H2O) and oxidizable C were found
in P0 treatment (Table 5). P extracted by the four different methods
significantly increased with fertilizer P rate. There were found values
which are classified as very low (P0) to very high (P3) for all the ex-
traction methods. APA did not significantly vary with P fertilizer
treatments as well as many other chemical properties not shown in
Table 5.
In Pexp2, P application significantly increased total dry matter yield
Fig. 1. a) Soil P levels determined by the ammonium lactate method from a population of 1808 soil samples, and b) tree P nutritional status classified in three sufficiency ranges
(deficient, < 1 g kg−1; adequate, 1 to 3 g kg−1; and excess,> 3 g kg−1), from a population of 2252 leaf samples.
Table 3
Olive yield, biometric data of fruits and pulp and pit P concentrations in three consecutive
harvests (2014–2016) as a function of P fertilization treatments. Within each year and in
lines, the same letter ‘a’ means that no significant differences between fertilizer treat-
ments (P < 0.05) were found.
2014 2015 2016
–P +P –P +P –P +P
Olive yield (kg tree−1) 0.25 a 0.19 a 0.66 a 1.06 a 1.28 a 1.21 a
Fresh weight per fruit (g) 4.45 a 4.66 a 3.65 a 3.67 a 1.72 a 1.97 a
Pulp/pit ratio (dw) 1.36 a 1.27 a 1.94 a 1.86 a 1.45 a 1.49 a
Pulp P (g kg−1) 1.38 a 1.22 a 1.19 a 1.16 a 1.18 a 1.16 a
Pit P (g kg−1) 0.32 a 0.32 a 0.33 a 0.48 a 0.50 a 0.53 a
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in the three years of study (Fig. 7). Significant differences also often
occurred when the dry matter yield of the different plant parts were
separately analyzed. In 2014 significant differences occurred in leaves,
in 2015 in leaves and stems and in 2016 in leaves and roots. In 2014 no
significant differences were found among the different soils in total dry
matter yield or in each one of the plant parts. In 2015 and 2016,
Fig. 2. a) Variation (Δ) increase in trunk diameter in four
consecutive intervals (I1, Jun 2013 – Oct 2014; I2, – Jul 2015;
I3, – Dec 2015; I4, – Nov 2016), b) canopy volume estimated
in two dates, and c) pruning wood in the resting periods of
2014–2017, as a function of P fertilizer treatments. Capital
letters above the columns is the result of the analysis of var-
iance (no significant differences between fertilizer
treatments,P < 0.05) for the sum of all records of each
parameter.
Fig. 3. Leaf P concentrations in July (J) and December (D) in Ftrial1. Dashed lines are the lower and the upper limits of the sufficiency range established for olive. Error bars are the mean
standard deviations.
Table 4
Soil acidity pH(H2O), oxidizable organic carbon (OC), phosphorus extracted by ammonium lactate (PAL), Olsen (POls), Mehlich 3 (PMeh) and ion-exchange resin (PRes) methods and acid
phosphate activity (APA) as a function of P fertilizer treatment and soil layer. In columns, within P rate or soil layer, means followed by the same letter are not significantly different by
Tukey HSD test (α=0.05).
pH OC PAL POls PMeh PRes APA
(P2O5) (P) (P) (P)
P rate (H2O) (g kg−1) (mg kg−1) (μg dm−3)
P0 5.95 a 9.0 a 48.5 b 8.0 b 34.1 b 16.1 b 76.8 a
P1 5.98 a 8.7 a 184.0 a 30.2 a 101.9 a 46.3 a 84.7 a
Soil layer
0–5 cm 5.65 b 11.7 a 192.3 a 30.5 a 102.8 a 47.3 a 123.5 a
5–10 cm 6.12 a 8.7 b 96.1 b 18.8 ab 62.5 b 28.2 b 104.9 b
10–20 cm 6.13 a 6.1 c 60.3 b 8.0 b 38.7 b 18.0 b 13.8 c
Fig. 4. a) Leaf P concentration [from December (D) 2014 to
July (J) 2016], b) dry matter yield and c) P recovery in the
above ground biomass as a function of P fertilizer treatments
(–P, +P). Lower case letters a) are the result of analysis of
variance and Tukey HSD test (α=0.05), and capital letters
above the columns b) and c) are also the result of analysis of
variance for the sum of stems and leaves of the respective
parameter.
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significant differences were found among the different soils in dry
matter yield of leaves, stems and total.
The ratios root/leaf and root/shoot significantly increased with P
application in Pexp2 (Fig. 8). The ratio between the aboveground parts
(leaf/stem) did not significantly change with P fertilization.
Tissue P concentrations significantly increased with P fertilization in
all plant parts (leaves, stems and roots) (Fig. 9). In the control treat-
ment, P concentrations in leaves, stems and roots were quite similar.
However, with P application, root P concentration increased much
more than P concentration in leaves and stems. Tissue analysis for other
macro and micronutrients revealed no significant differences between P
fertilization treatments (data not shown).
Net photosynthesis of olive tree increased 27% in 2015 and 31% in
2016 in response to P-supply (Table 6). This effect was accompanied by
consistent increases in stomatal conductance and transpiration rate,
while A/gs and Ci/Ca were not significantly affected by P nutrition.
Similar trends on leaf gas exchange variables were detected for the two
studied soils (S3 and S4), being A, gs and E higher in S3 provenance,
namely in 2016. Chlorophyll a fluorescence traits also changed in re-
sponse to P fertilization (Table 7). The PSII photochemistry variables in
light-adapted leaves, ΦPSII, qP and ETR increased, whereas ΦNP and PE
decreased in P1 treated plants. The application of P had no significant
effect on the maximum efficiency of PSII photochemistry (Fv/Fm) and
no significant differences in photochemical parameters were found
among the different soils (data not shown).
The application of fertilizer P significantly increased soil pH(H2O)
and reduced oxidizable organic C (Table 8). There were also found
significant differences in pH (H2O) and oxidizable C among the dif-
ferent soils. P1 treatment showed significantly higher extractable P, as
determined by the four methods, and significantly APA in comparison
to P0. Soils also significantly differed in extractable P as determined by
all the methods and in APA.
4. Discussion
The P status of olive orchards of the region assessed by soil analysis
gave a higher percentage of situations in which fertilizer P is re-
commended in comparison with the use of leaf analysis. It seems that in
the conditions of these experiments (acidic to neutral soils) diagnosing
by soil analysis may lead to the recommendation of more P than is
necessary, which would represent a waste of a resource that is finite.
This apparent overestimation of recommended P may be attributed to
limitations of the analytical method, since POls and PAL do not hold the
organic P component of the soil, despite the importance of organic P in
crop nutrition (Darch et al., 2016; Arrobas et al., 2018). Furthermore, in
tree crops, the arable layer, from which soil samples were taken, re-
presents probably only a small fraction of P available to plants, due to
the depth of the root system, which reduces the accuracy of soil analysis
if compared to annual crops with shallower roots (Römheld, 2012). On
the other hand, trees are able to establish symbiotic relationships with
ectomycorrhizal fungi which may enhance the access of trees to spar-
ingly soluble P forms (Pereira et al. 2012; Havlin et al., 2014).
Fertilizer P did not increase olive yield and other parameters of the
performance of the trees in the field trials. In Pexp1, the application of P
also did not increase the dry matter yield. These results are in line with
an early report of Hartmann et al. (1966), who stated that there were no
cases of P deficiency with trees responding to P applications reported
from field-grown olive trees. Authors of more recent textbooks are of
the opinion that it is not frequent to observe a response to P fertilization
in olive (Freeman and Carlson, 2005; Gregoriou and El-Kholy, 2010;
Fernández-Escobar et al., 2017). Interestingly, an increase in dry matter
yield due to P application was obtained during three consecutive years
from Pexp2. Pexp2 differed from Pexp1 in that several P-poor acid soils
Fig. 5. Dry matter yields separated into the plant parts stems, leaves (2014–2015) and roots (2016) for each of the three growing seasons as a function of the fertilizer treatments. Within
each year, capital letters above the columns is the result of analysis of variance (no significant differences among the fertilizer treatments,P < 0.05) for the sum of the plant parts.
Fig. 6. Phosphorus concentration in leaves, stems and roots as a function of P fertilizer
treatments from pot experiment 1. Error bars are the mean standard deviation. Letters are
the result of analysis of variance and Tukey HSD test (α=0.05) within each plant tissue
comparing the different P fertilizer treatments.
Table 5
Soil acidity pH(H2O), oxidizable organic carbon (OC), phosphorus extracted by ammo-
nium lactate (PAL), Olsen (POls), Mehlich (PMeh) and ion-exchange resin (PRes) methods
and acid phosphate activity (APA) as a function of P fertilizer treatment. In columns,
means followed by the same letter are not significantly different by Tukey HSD test
(α=0.05).
pH OC PAL POls PMeh PRes APA
(P2O5) (P) (P) (P)
P rate (H2O) (g kg−1) mg kg−1 (μg dm−3)
P0 6.41 b 3.2 b 22.8 d 0.0 c 10.2 d 2.56 c 33.1 a
P1 6.93 a 3.7 ab 442.9 c 17.3 b 328. 0 c 26.11 b 32.0 a
P2 6.93 a 3.8 a 497.1 b 27.4 a 522.2 b 27.95 b 27.7 a
P3 6.88 a 3.8 a 556.6 a 30. 0 a 717.0 a 37.03 a 30.8 a
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were used and the soils were not limed, which will have marked a
greater difference in the availability of P between fertilizer treatments.
Few studies to date have shown a positive response in olive yield to
increased P availability. Erel et al. (2013), from a study with young
olive trees grown in containers with perlite as a substrate, found that P
application increased flower intensity, fruit set, number of olives per
tree and fruit load. It should be noted that perlite is basically an inert
substrate, with the plants entirely dependent on external nutrient
supply. In a two year study, with ‘Picual’ and “Arbequina”, Centeno and
Campo (2011) reported a yield increase with foliar P application in one
of the years and only in “Arbequina”.
The increase of total biomass in P fertilized plants was correlated
with the increase of photosynthetic rate (A), confirming the causal re-
lationship between P nutrition and photosynthesis, as in other studies
(Warren, 2011; Veronica et al., 2017). The increase in A due to P-supply
was associated with lower stomatal resistance, which increase available
internal CO2 and water loss through transpiration. Nevertheless, since
for a given increase in gs, E rose in a lower extent than A, and the
increase of gs was accompanied by similar values of A/gs and Ci/Ca
there may exist an enhanced capacity for CO2 fixation in the stroma of
chloroplasts of P fertilized plants. Moreover, the analysis of chlorophyll
fluorescence data also shows positive effects of P-supply on the pho-
tochemical reactions in the thylakoid membranes that also contribute to
the higher net CO2 assimilation rate. In fact, P1 plants presented higher
total electron flow through PSII, and thus superior ATP and NADPH
production, due to the increase of the proportion of open photosystem II
centres (qP). In addition, as a consequence of better photochemistry
performance, P fertilized plants did not invest, as P-stressed plants, in
thermal dissipation in PSII antennae (e. g. lower ΦNP), a mechanism
Fig. 7. Dry matter yield in the pot experiment 2 as a function of P fertilizer treatments (top panels) and soils (lower panels). For each individual figure, capital letters above the columns is
the result of analysis of variance (P < 0.05) and Tukey HDS test (α < 0.05) for the sum of the plant parts.
Fig. 8. Ratios between different plant parts as a function of P fertilizer treatment in pot
experiment 2. For each ratio, means followed by the same letter are not significantly
different by Tukey HSD test (α=0.05). Fig. 9. Tissue P concentration in pot experiment 2 as a function of P fertilizer treatment.
Error bars are the mean standard deviations. For each tissue, means followed by the same
letter are not significantly different by Tukey HSD test (α=0.05).
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that protects against photoinhibition. Higher ΦPSII, ETR and qP and
lower ΦNP were also described previously in response to P nutrition
(Veronica et al., 2017). Altogether, the changes in PSII photochemistry
reported above and the reduction of PE, indication of a decrease in non-
utilized light energy, revealed that P fertilized plants have a low risk of
photo-oxidative damage. Similar results applied to nitrogen fertilization
were reported earlier (DaMatta et al., 2002; Kato et al., 2003).
Phosphorus application increased tissue P concentration in Ftrial1
and in both the pot experiments. The increase in leaf P concentration as
a response to P application has also already been observed in previous
studies (Erel et al., 2013; Morales-Sillero et al., 2009). Ftrial1, from
which leaf P concentration can be compared with sufficiency ranges of
the crop since the leaves were harvested according to the standard
procedure (Bryson et al., 2014), helps to justify the difficulty in ob-
taining a positive response of olive tree to applied P since leaf P con-
centration never fell below the lower limit of the sufficiency range in
the control treatment.
Pot experiments revealed that roots are important tissues accumu-
lating P. The roots registered P concentrations higher than the leaves
and stems. Loupassaki et al. (2002) had already recorded higher levels
of P in roots in comparison to leaves and stems in a study with six olive
cultivars. In Pexp2, the application of P increased not only the con-
centration of P in the roots but also the root/shoot ratio. Thus, it seems
that when soil available P is high, it increases not only the concentra-
tion of P in the roots but also the extension of the root system. These
results seem to indicate that the roots can store P which may buffer P
supply to the shoots, helping to overcome periods of shortage of soil
available P, and may also be related to the difficulty in obtaining a
positive response of a mature tree to P application.
In Ftrial1, the application of P increased extractable P as determined
by the four methods used, whereas APA did not significantly vary. With
soil depth, extractable P was reduced, as well as easily oxidizable C and
APA. Thus, from this experiment, the organic substrate (i.e., soil or-
ganic P) seems to have been more decisive for APA than inorganic P in
the soil. There has also previously been demonstrated from other stu-
dies the importance of the organic substrate for regulating APA (Turner,
2008; Kitayama, 2013; Zhang et al., 2014). In Pexp1, P application
increased extractable P, while APA did not significantly vary. In this
experiment the soil was limed which would have reduced APA. It is well
documented that high APA generally prevails in acidic soils, whereas
the activity of alkaline phosphatase prevails in alkaline soils (Eivazi and
Tabatabai, 1977; Nannipieri et al., 2011). In Pexp2, extractable P in-
creased with P application and APA was reduced. This is an expected
result since it is also well established that soluble inorganic P inhibits
the activity of acid phosphatase (Olander and Vitousek, 2000; Zheng
et al., 2015).
5. Conclusions
The diagnoses of the soil fertility and the nutritional status of the
olive groves of NE Portugal (soil pH varying from very acid to neutral)
suggest that the application of P can be reduced without a high risk of
yield reduction and that the diagnosis of the need to apply P should
primarily be based on leaf analysis rather than on soil analysis. The
experimental results stressed the difficulty in obtaining a response in
olive tree growth and yield with soils of this region to the application of
P which hardly validates the hypothesis given for this work. However,
in Pexp2 P application significantly increased total dry matter during
three consecutive years, in a strict association with higher tissue P
concentrations and enhanced photosynthetic activity. The olive tree
root system seems to have the ability to store P when available in soil
which may buffer the P availability to the aerial plant parts. The results
also indicate that the information provided from APA should be inter-
preted with caution since it may depend on variables other than the
availability of inorganic P in the soil, namely the organic substrate and
pH.
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different by Tukey HSD test (α=0.05).
pH OC PAL POls PMeh PRes APA
(P2O5) (P) (P) (P)
P rate (H2O) (g kg−1) (mg kg−1) (μg dm−3)
P0 5.89 b 1.96 a 109.7 b 20.4 b 57.8 b 12.3 b 256.3 a
P1 6.14 a 1.82 b 448.6 a 63.4 a 174.5 a 42.0 a 108.3 b
Soil
S1 5.96 b 1.49 b 269.5 b 51.6 b 97.5 b 22.9 a 159.2 b
S2 5.91 bc 1.05 c 164.9 c 17.2 d 75.0 b 25.4 a 63.7 c
S3 5.61 c 2.60 a 273.0 b 32.0 c 193.7 a 24.7 a 75.2 c
S4 6.55 a 2.42 a 409.2 a 66.9 a 98.3 b 35.6 a 431.1 a
I.Q. Ferreira et al. Scientia Horticulturae 234 (2018) 236–244
243
Technology (FCT, Portugal) and FEDER under Programme PT2020 for
financial support to CIMO (UID/AGR/00690/2013). The work was also
funded by the INTERACT project – “Integrative Research in
Environment, Agro-Chains and Technology”, no. NORTE-01-0145-
FEDER-000017, in its line of research entitled ISAC, co-financed by the
European Regional Development Fund (ERDF) through NORTE 2020
(North Regional Operational Program 2014/2020). For authors in-
tegrated in the CITAB research centre, it was further financed by the
FEDER/COMPETE/POCI – Operational Competitiveness and
Internationalization Programme, under Project POCI-01-0145-FEDER-
006958, and by National Funds of FCT–Portuguese Foundation for
Science and Technology, under the project UID/AGR/04033/2013.
References
Alef, K., Nannipieri, P., Trazar-Cepeda, C., 1995. Phosphatase activity. In: Alef, K.,
Nannipieri, P. (Eds.), Methods in Applied Soil Microbiology and Biochemistry.
Academic Press, London, UK.
Arrobas, M., Afonso, S., Rodrigues, M.A., 2018. Diagnosing the nutritional condition of
chestnut groves by soil and leaf analyses. Sci. Hort. 228, 113–121.
Bai, Z., Ma, L., Ma, W., Qin, W., Velthof, G.L., Oenema, O., Zhang, F., 2016. Changes in
phosphorus use and losses in the food chain of China during 1950–2010 and forecasts
for 2030. Nutr. Cycl. Agroecosyst. 104, 361–372.
Batjes, N.H., 1997. A world data set of derived soil properties by FAO/UNESCO soil unit
for global modeling. Soil Use Manag. 13, 9–16.
Björkman, O., Demmig, B., 1987. Photon yield of O2 evolution and chlorophyll fluores-
cence characteristics at 77 K among vascular plants of diverse origins. Planta 170,
489–504.
Brennan, R.F., Bolland, M.D.A., 2001. Comparing fertilizer phosphorus requirements of
canola, lupin, and wheat. J. Plant Nutr. 24 (12), 1885–1900.
Bryson, G., Mills, H.A., Sasseville, D.N., Jones Jr., J.B., Barker, A.V., 2014. Plant Analysis
Handbook III. A Guide to Sampling, Preparation, Analysis and Interpretation for
Agronomic and Horticultural Crops. Micro-Macro Publishing, Inc.
Centeno, A., Campo, M.G., 2011. Response of mature olive trees with adequate leaf nu-
trient status to additional nitrogen, phosphorus and potassium fertilization. Acta
Hort. 888, 277–280.
DaMatta, F.M., Loos, R.A., Silva, E.A., Loureiro, M.E., 2002. Limitations to photosynthesis
in Coffea canephora as a result of nitrogen and water availability. J. Plant Physiol.
159, 975–981.
Darch, T., Blackwell, M.S.A., Chadwick, D., Haygarth, P.M., Hawkins, J.M.B., Turner,
B.L., 2016. Assessment of bioavailable organic phosphorus in tropical forest soils by
organic acid extraction and phosphatase hydrolysis. Geoderma 284, 93–102.
Demmig-Adams, B., Adams, W.W., Baker, D.H., Logan, B.A., Bowling, D.R., Verhoeven,
A.S., 1996. Using chlorophyll fluorescence to assess the fraction of absorbed light
allocated to thermal dissipation of excess excitation. Physiol. Plant 98 (2), 253–264.
Dodd, R.J., Sharpley, A.N., 2016. Conservation practice effectiveness and adoption: un-
intended consequences and implications for sustainable phosphorus management.
Nutr. Cycl. Agroecosyst. 104, 373–392.
Eivazi, F., Tabatabai, M.A., 1977. Phosphatases in soils. Soil Biol. Biochem. 9, 167–177.
Erel, R., Yermiyahu, U., Van Opstal, J., Ben-Gal, A., Schwartz, A., Dag, A., 2013. The
importance of olive (Olea europaea L.) tree nutritional status on its productivity. Sci.
Hort 159, 8–18.
Fernández-Escobar, R., 2017. Fertilization. In: Barranco, D., Fernández-Escobar, R., Rallo,
L. (Eds.), El Cultivo del Olivo., 7th ed. Mundi-Prensa., Madrid, Spain, pp. 419–460.
Freeman, M., Carlson, R.M., 2005. Mineral nutrient availability. In: Sibbett, G.S.,
Ferguson, L. (Eds.), Olive Production Manual, 3353, 2nd ed. University of California
Publication, Oakland, California, USA, pp. 75–82.
Gilbert, N., 2009. The disappearing nutrient. Nature 461, 716–718.
Gregoriou, C., El-Kholy, M., 2010. Fertilization, in: Olive GAP Manual: Good Agricultural
Practices for the Near East & North Africa Countries. FAO, Rome, Italy.
Hartmann, H.T., Uriu, K., Lilleland, O., 1966. Olive nutrition. In: Childers, N.F. (Ed.),
Temperate to Tropical Fruit Nutrition. Hort. Publ. Rutgers Univ., New Brunswick,
N.J, pp. 252–261.
Havlin, J.L., Tisdale, S.L., Nelson, W.L., Beaton, J.D., 2014. Soil Fertility and Fertilizers,
an Introduction to Nutrient Management, 8th edition. Pearson, Boston, USA.
Hawkesford, M., Horst, W., Kichey, T., Lambers, H., Schjoerring, J., Moller, I.S., White, P.,
2012. Function of macronutrients. In: Marschner, P. (Ed.), Marschner’s Mineral
Nutrition of Higher Plants. Elsevier, London, UK, pp. 135–189.
Houba, V.J.G., van der Lee, J.J., Novozamsky, I., 1997. Soil analysis procedures. Other
Procedures. Landbouwuniversiteit Wagningen.
Jones Jr., J.B., 2001. Laboratory Guide for Conducting Soil Tests and Plant Analysis. CRC
Press, Boca Raton, Washington, D.C.
Kato, M.C., Hikosaka, K., Hirotsu, N., Makino, A., Hirose, T., 2003. The excess light
energy that is neither utilized in photosynthesis nor dissipated by photoprotective
mechanisms determines the rate of photoinactivation in photosystem II. Plant Cell
Physiol. 44 (3), 318–325.
Kitayama, K., 2013. The activities of soil and root acid phosphatase in the nine tropical
rain forests that differ in phosphorus availability on Mount Kinabalu. Borneo. Plant
Soil 367, 215–224.
Li, G., Huang, G., Li, H., van Ittersum, M.K., Leffelaar, P.A., Zhang, F., 2016. Identifying
potential strategies in the key sectors of China’s food chain to implement sustainable
phosphorus management: a review. Nutr. Cycl. Agroecosyst. 104, 341–359.
Loupassaki, M.H., Chartzoulakis, K.S., Digalaki, N.B., Androulakis, I.I., 2002. Effects of
salt stress on concentration of nitrogen, phosphorus, potassium, calcium, magnesium,
and sodium in leaves, shoots, and roots of six olive cultivars. J. Plant Nutr. 25 (11),
2457–2482.
LQARS, (Laboratório Químico Agrícola Rebelo da Silva), 2006. Manual de fertilização das
culturas. Ministério da Agricultura, do Desenvolvimento Rural e Pescas. Instituto
Nacional de Investigação Agrária e das Pescas, Lisboa, Portugal.
Morales-Sillero, A., Fernández, J.E., Ordovás, J., Suárez, M.P., Pérez, J.A., Liñán, J.,
López, E.P., Girón, I., Troncoso, A., 2009. Plant-soil interactions in a fertigated
‘Manzanilla de Sevilla’ olive orchard. Plant Soil 319, 147–162.
Nannipieri, P., Giagnoni, L., Landi, L., Renella, G., 2011. Role of phosphatase enzymes in
soil. In: In: Bünemann, E., Oberson, A., Frossard, E. (Eds.), Phosphorus in Action:
Biological Processes in Soil Phosphorus Cycling. Soil Biology, vol. 26 Springer,
Heidelberg.
Olander, L.P., Vitousek, P.M., 2000. Regulation of soil phosphatase and chitinase activity
by N and P availability. Biogeochemistry 49, 175–190.
Pereira, M.G., Caramelo, L., Gouveia, C., Gomes-Laranjo, J., Magalhães, M., 2012.
Assessment of weather-related risk on chestnut productivity. Nat. Hazards Earth Syst.
Sci. 11, 2729–2739.
Rodrigues, M.A., Ferreira, I.Q., Claro, A.M., Arrobas, M., 2012. Fertilizer recommenda-
tions for olive based upon nutrients removed in crop and pruning. Sci. Hort. 142,
205–211.
Römheld, V., 2012. Diagnosis of deficiency and toxicity of nutrients. In: Marschner, P.
(Ed.), Marschner’s Mineral Nutrition of Higher Plants. Elsevier, London, pp. 299–312.
Schreiber, U., Bilger, W., Neubauer, C., 1994. Chlorophyll fluorescence as a nonintrusive
indicator of rapid assessment of in vivo photosynthesis. In: Schulze, E.D.M., Caldwell,
M.M. (Eds.), Ecophysiology of Photosynthesis. Springer-Verlag, Berlin, pp. 49–70.
Schulze, J., Temple, G., Temple, S., Beschow, H., Vance, C.P., 2006. Nitrogen fixation by
white lupin under phosphorus deficiency. Ann. Botanici 98, 731–740.
Sepehr, E., Rengel, Z., Fateh, E., Sadaghiani, M.R., 2012. Differential capacity of wheat
cultivars and white lupin to acquire phosphorus from rock phosphate, phytate and
soluble phosphorus sources. J. Plant Nutr. 35, 1180–1191.
Smith, S.E., Read, D.J., 2008. Mycorrhizal Symbiosis, 3rd ed. Academic Press, New York.
Turner, B.L., 2008. Resource partitioning for soil phosphorus: a hypothesis. J. Ecol. 96,
698–702.
Uhde-Stone, C., Gilbert, G., Johnson, J.M.F., Litjens, R., Zinn, K.E., Temple, S.J., Vance,
C.P., Allan, D.L., 2003. Aclimation of white lupin to phosphorus deficiency involves
enhanced expression of genes related to organic acid metabolism. Plant Soil 248,
99–116.
Veneklaas, E.J., Stevens, J., Cawthray, G.R., Turner, S., Grigg, A.M., Lambers, H., 2003.
Chickpea and white lupin rhizosphere carboxylates vary with soil properties and
enhance phosphorus uptake. Plant Soil 248, 187–197.
Veronica, N., Subrahmanyam, D., Vishnu Kiran, T., Yugandhar, P., Bhadana, V.P., Padma,
V., Jayasree, G., Voleti, S.R., 2017. Influence of low phosphorus concentration on leaf
photosynthetic characteristics and antioxidant response of rice genotypes.
Photosynthetica 55 (2), 285–293.
von Caemmerer, S., Farquhar, G.D., 1981. Some relationships between the biochemistry
of photosynthesis and the gas exchange of leaves. Planta 153, 376–387.
Walinga, I., van Vark, W., Houba, V., van der Lee, J., 1989. . Soil and Plant Analysis: Part
7 – Plant Analysis Procedures. Wageningen Agricultural University, The Netherlands.
Wang, B.L., Shen, J.B., Zhang, W.H., Zhang, F.S., Neumann, G., 2007. Citrate exudation
from white lupin induced by phosphorus deficiency differs from that induced by
aluminum. New Phytol. 176, 581–589.
Wang, X., Tang, C., Guppy, C.N., Sale, P.W.G., 2010. Cotton, wheat and white lupin differ
in phosphorus acquisition from sparingly soluble sources. Environ. Exp. Bot. 69,
267–272.
Warren, C.R., 2011. How does P affect photosynthesis and metabolite profiles of
Eucalyptus globulus? Tree Physiol. 31, 727–739.
Watt, M., Evans, J.R., 2003. Phosphorus acquisition from soil by white lupin (Lupinus
albus L.) and soybean (Glycine max L.), species with contrasting root development.
Plant Soil 248, 271–283.
Zhang, G., Chen, Z., Zhang, A., Chen, L., Wu, Z., Ma, X., 2014. Phosphorus composition
and phosphatase activities in soils affected by long-term application of pig manure
and inorganic fertilizers. Commun. Soil Sci. Plant Anal. 45, 1866–1876.
Zheng, M., Huang, J., Chen, H., Wang, H., Mo, J., 2015. Responses of soil acid phos-
phatase and beta-glucosidase to nitrogen and phosphorus addition in two subtropical
forests in southern China. Eur. J. Soil Biol. 68, 77–84.
I.Q. Ferreira et al. Scientia Horticulturae 234 (2018) 236–244
244
